We demonstrate that the angular distribution of electrons photoemitted from image states on a clean metal surface depends on the energies associated with the final electronic motion normal, E z , and parallel, E k , to the surface. The surface normalẑ is the most probable direction of ionization when E z ¿ E k . But, for E z ഠ E k , many electrons are ejected away fromẑ and the pattern of emission is altered dramatically. If a pump laser pulse produces a superposition of two image states, then the intensity and in certain cases the direction of photoemission from this wave packet can be coherently controlled via a probe pulse. [S0031-9007(99)09337-0] PACS numbers: 79.60. Bm, 73.20.At In this Letter, we argue that it should be possible to coherently control the angular distribution of photoemitted electrons from a clean metal surface. We consider an experiment in which coherent superpositions of two electronic image states are created and then ionized by laser pulses. Image states are quantized excited states of electrons that exist near certain metal and dielectric surfaces; they are of interest as probes of surface conditions, adsorption phenomena, and interface properties [1] . Höfer et al. [2] observed wave packets of image states on the Cu(100) surface, but they only studied the emission alonĝ z, the surface normal. Our determination of the photoemission in all directions reveals several interesting scenarios. An ionized electron will travel preferentially in theẑ direction if E z ¿ E k , where E z ͑E k ͒ is the energy associated with the motion perpendicular (parallel) to the surface. However, for energies E z ഠ E k , a significant number of electrons can be driven away from the surface normal. In the latter regime, we show how coherent control can be used to change the angular distribution through the quantum interference between competing photoemission routes [3] . The control scheme utilized here is analogous to the "pump-dump" method of Seideman, Shapiro, and Brumer for the dissociation of molecules [4] .
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Image states above metal surfaces are a consequence of the confinement of electrons by two potentials [1] . Polarization charges induced by an electron in front of a metal surface produce a Coulomb potential. The crystal surface can impose a potential barrier if there is a band gap in the direction normal to the surface near the vacuum energy. Although the penetration of the electron wave function into the metal is what allows its excitation [1] , in a simple model, the metal occupies the space z , 0 and provides an infinite potential barrier [5] . The electrons experience an attractive potential
and occupy hydrogenic states c n ͑z͒ with energies
n 1, 2, . . . [5] . For a defect-free surface, the total bound state wave function is C nk ik ͑x, y, z͒ c k ik ͑x, y͒c n ͑z͒, where c k ik L 21 e ik ik ?R , R xx 1 yŷ, and L is a normalization factor resulting from periodic boundary conditions in the x-y plane over an area L 2 . Photoemission from these states will involve final states F k z k k ͑x, y, z͒ f k k ͑x, y͒f k z ͑z͒, where f k k is again a plane wave, with k k k ik due to momentum conservation. The energy associated with the z ͑k͒ component of these ionization
The states f k z are of course not plane waves, but completely take into account the potential (1) [5] .
Superpositions of the n 4, 5 and n 5, 6, . . . , 9 image wave functions were excited in the experiments of Höfer et al. [2] . In our calculations, we assume that a pump pulse incident on the metal surface at t 0 generates a small number of wave packets with initial states C͑x, y, z͒ L 21 e ik ik ?R ͓c m c m ͑z͒ 1 c n c n ͑z͔͒, such that m 4, n 5 or m 6, n 7. As a first approximation, we assume that the distribution of k ik can be described by a Maxwell-Boltzmann distribution characterized by a temperature T [5] . If relaxation processes are neglected, these quantum states oscillate in the z direction with a period
where v nm v n 2 v m ͑E n 2 E m ͒͞h E nm ͞h is the frequency difference between the n and m bound states. The wave packet is then photoionized by a square pulse of the form E͑t͒ E ͕Q͓t 2 ͑t c 2 s͞2͔͒ 2 Q͓t 2 ͑t c 1 s͞2͔͖͒
where Q is the step function, E is the total field amplitude, t c is the time delay measured from t 0 to the center of the pulse, s is the width, and v is the center frequency. The evolution of the system under an external perturbation H ex ͑t͒ can be represented by the density matrix r uy ͑t͒ ͗ujr͑t͒jy͘, whose equation of motion is
wherev uy v u 2 v y 2 iG uy [6] . The phenomenological relaxation parameters G uy can be determined via the experimentally measured lifetimes of the image states [2] . We evaluate H ex in the electric dipole approximation [6] , in which the total density matrix at subsequent times can be written as r r jj r z . The matrix r z of the initial state is zero except for
which corresponds to an equal superposition of the states m and n. The parallel component of r at t 0 is 
where the indices r and s denote the quantum numbers ͑nk ik ͒ of the initial superposed image states C nk ik . We study the angular distribution of the photoemitted electrons for several choices of the parameters s and hv, the width and energy of the probe pulse. The angular distribution is easily calculated from r ͑2͒ uu ͑t͒, where u ͑k z k k ͒ refers to a final continuum state F k z k k , and is invariant azimuthally. We specify it by giving the transition probability per unit solid angle dP͞dV, versus u, the polar angle relative to the z direction. The temperature of the system is fixed at T 300 K, which gives a most probable electronic energy E kmp k B T ഠ 0.026 eV parallel to the surface. Because of energy conservation and the finite width of the ionizing pulse, the energies of the photoemitted electrons in the z direction are distributed around E z E n 1hv. The field intensity 2pE 2 ͞c is 1 kW͞cm 2 . The center The time delay t c is measured from the creation of the wave packet at t 0 to the temporal center of the pulse.
frequency is specified by v lv nm so that an integral number of field cycles l occurs within one period of oscillation of the wave packet, T nm . The results presented below are for zero dephasing and a square probe pulse, Eq. (4). The use of a Gaussian pulse does not lead to qualitative changes. We consider four qualitatively different regimes illustrated by the following examples.
(1) s 2.25T 54 ഠ 486 fs,hv 80E 54 ഠ 1.5 eV.-The photon energy is large enough that E z ¿ E kmp . In a semiclassical picture, the ionized electrons have large velocities normal and relatively small velocities parallel to the surface. As predicted by a golden rule calculation [5] , the majority of the photoemitted electrons are contained within a narrow cone aboutẑ (Fig. 1) . Since the probe pulse is wide (narrow) in the time (frequency) domain, it ionizes a wave packet with little interference between the paths c 4 ! f k z and c 5 ! f k z . The amount of emission does not depend strongly on the time delay t c of the probe pulse, and there is little coherent control of the photoemission. Ionization of an n 6, 7 wave packet with a wide, high energy pulse results in curves similar to those in Fig. 1 .
(2) s 0.25T 54 ഠ 54 fs,hv 80E 54 ഠ 1.5 eV.-As in scheme (1), the photon energy is large enough that E z ¿ E kmp , and the ejected electrons are contained within a narrow cone aboutẑ (Fig. 2) . However, we see a much greater difference in the transition probability when the pulse is delayed by one-half of the wave packet oscillatory period ͑t c T 54 ͞2͒. The frequency width of the probe pulse is sufficiently large for emission to occur from the m 4 and n 5 image states coherently. In this situation, coherent control can lead to a reduction in the amount of emission, but not the preferred direction of ionization, u 0 ± . The results are qualitatively the same as in Fig. 2 for an initial n 6, 7 wave packet state ionized by a narrow, high energy probe pulse. The photon energy is small enough that E z ഠ E kmp , and the final electronic motion parallel to the surface is comparable to that in the normal direction. The angular distribution in Fig. 3(a) is significantly different from that in Figs. 1 and 2 . Many electrons are emitted at angles far from u 0 ± . Once again there is little coherent control of the ionization since the pulse width is sufficiently small in the energy domain to photoemit from the m 4 and n 5 states incoherently. The emission pattern from an n 6, 7 wave packet shows an even greater deviation from the previous cases. The transition probability is not only broadened, but it also has a maximum at u ഠ 80 ± [ Fig. 3(b) ]. This is due to the probe energy being closer to E kmp than in scheme 3(a). But, as in 3(a), coherent control is limited since s is large. temporally to allow for coherent control. The photon energy is small enough that E z ഠ E kmp , as in scheme (3). More electrons are emitted near u 0 ± when the probe is delayed by half a wave packet oscillatory period, but the angular distribution is much broader for t c T 54 [ Fig. 4(a) ]. The ionization of an n 6, 7 wave packet in the small s, lowhv regime yields a maximum transition probability at u ഠ 70 ± (55 ± ) when t c T 76 ͑0.5T 76 ͒ [ Fig. 4(b) ]. In both schemes 4(a) and 4(b), the form of the emission curves can be coherently altered, as indicated by the angular distributions normalized by their respective values at u 0 ± [insets, Figs. 4(a) and 4(b) ]. We checked that the above calculations were not qualitatively affected by the presence of relaxation phenomena. The dephasing rates G uy were determined using the lifetimes measured by Höfer et al. [2] . Their data indicate that the pure dephasing rates for the n 4, 5 image states are very small. We expect that the n 4, 5 and n 6, 7 superpositions can survive long enough to be photoionized coherently, even if the energy of the probe pulse is small as in schemes (3) and (4) . The detection of the emitted electrons in the latter cases should be achievable since the transition probability increases as the probe energy decreases, as displayed in the figures.
In summary, we have shown that it should be possible to observe coherent control of current in a new physical context. The control of current is known to be possible from atoms in a crystal [7] , in semiconductors containing defects [8] , in quantum wells [9] , and in bulk semiconductors [10] . In contrast, we consider the ionization of wave packets of image states on a clean metal surface and find that the amount and direction of current can be manipulated. Experiments involving electromagnetic fields and image states [2, 11] have only demonstrated the control of the emission intensity along a fixed direction. Our work motivates the use of angle-resolved spectroscopy in which superpositions of image states are probed with weakly ionizing pulses. Such experiments could reveal the time evolution of the distribution of the electron velocities parallel to the surface and the presence of surface features.
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